Introduction
Photoacoustic imaging is a promising noninvasive imaging modality to provide the structural and functional information for a wide spectrum of applications, such as imaging of blood vessels and detection of melanoma and breast cancer. It overcomes the penetration limit of pure optical imaging into scattering biological tissues and provides sub-millimeter ultrasonic resolution up to an imaging depth of centimeters. Non-ionizing laser pulses are delivered into biological tissues which absorb and convert the energy into heat, resulting in photoacoustic waves due to transient thermo-elastic expansion. These photoacoustic signals are then detected by ultrasonic sensors and mapped back to form images representative of optical absorption distribution. By 2-D scanning with previously developed capacitive ultrasonic sensors [1] , a 2-D synthetic aperture focusing technique was used for photoacoustic image reconstruction. This technique, however, requires a long acquisition time to measure complete waveforms of all sensed signals for post-processing, which places significant burdens on electronics output bandwidth and routing of arrayed signals as the array size increases.
An acoustic lens system [2] has been proposed to provide real-time 3-D photoacoustic imaging. As depicted in Fig. 1 , a 4f acoustic lens system is used to image the produced photoacoustic pressure that represents the absorption distribution onto an image plane where a CMOS capacitive sensor array is placed to receive the transmitted pressure in this work. The system provides axial and lateral unit magnification of the imaged pressure distribution. A small displacement in the object plane results in the same amount of displacement for the focused image plane. Due to the low speed of sound, the axial resolution is preserved by the propagation of transmitted acoustic pressure to facilitate 3-D imaging. In addition, a typical acoustic lens has a long focal depth of about centimeters to accommodate for the corresponding image plane displacement. The acoustic lens is desired to provide high transmission, which requires a low impedance difference at the material-liquid interface, a large refractive index ratio of the material to the liquid and low attenuation at high frequencies. Aluminum is often chosen due to its large acoustic velocity difference with respect to the surrounding liquid. An anti-reflective coating is commonly added to the lens surface to minimize acoustic reflection. The following sections will describe the design, fabrication and characterization of the CMOS capacitive sensor array. 
Sensor Design and Fabrication
The capacitive ultrasonic sensor array was fabricated in the TSMC 0.35-m two-polysilicon four-metal (2P4M) CMOS process using the reported steps [1] . A sacrificial wet etch of stacked metal (aluminum) and via (tungsten) layers through the passivation openings was performed for structural release. Then the release holes were sealed by PECVD SiO 2 deposition.
The top and bottom sensing electrodes are the metal-4 and metal-2 layers in the 2P4M CMOS process. Both electrodes are covered by the inter-metal dielectric layers and separated by an air gap of 0.64 m. The circular sensing membrane has an inner diameter of 60 m. The sensing capacitance and the associated sensitivity are enhanced by connecting nine membranes in parallel to form a single sensing element, which has a total size of 250 250 m 2 . A 4 4 sensor array is implemented on the chip. After capacitive transduction, the signal is amplified, high-pass filtered before the maximum amplitude is measured by a peak detection circuit. A dc bias is applied to the pre-amp and the produced motional current is integrated by the feedback capacitance C F . Peak detection is the critical part of the readout for which a small detection error is desired for improving contrast of the photoacoustic image. 
Experimental Results
The micrographs of the CMOS chip containing 4 4 capacitive sensors are shown in Fig. 3 . For characterization, the CMOS sensor chip was wirebonded to a printed circuit board and the chip was surrounded by a plastic ring glued to the board such that water can be contained during the immersion test. During the test, an ultrasonic transducer (V310-SM, Panametrics-NDT; diameter = 6 mm) for generating pulsed ultrasounds was immersed and positioned in three axes by stepping motors. Sensed capacitive signals were transformed to the corresponding spectra as depicted in Fig. 4 , which shows a measured resonant frequency near 3.5 MHz.
Sinusoidal signals in the ultrasound range (1 to 10 MHz) from 50 to 400 mV were applied to the peak detection circuit for test. Fig. 5(a) shows one of the results measured at 1 MHz. Complete summary of the percentage error with respect to the signal frequency and amplitude is shown in Fig. 5(b) . For larger signals, the errors were mostly limited to 10%. As predicted by the simulation, it became more difficult to reduce the error as the signal reduced to 100 mV and below. For photoacoustic imaging, the errors for small signals are desired to be further reduced to enhance the quality of photoacoustic imaging since the received acoustic pressure is attenuated by the acoustic lens.
Discussion and Conclusion
This work uses a convenient micromachining process to develop a capacitive sensor array in a 0.35-m CMOS process for fast photoacoustic imaging. Monolithic integration effectively reduces the parasitic effect and enhances the signal-to-noise ratio. Both the mechanical and electrical characteristics of the sensor have been measured. There is still room for improving the sensor design in terms of scalability and signal transduction. Scalability of the sensor array is currently limited because the readout is larger than the individual sensing element and cannot be placed completely underneath it. The readout size is based on the need to provide large signal amplification to compensate for the acoustic loss from the lens system. To solve these issues, we are planning to migrate from the 0.35-m to 0.18-m CMOS process. The latter is able to provide a much small air gap to enhance capacitive transduction, leading to reduced amplification stages and thereby a reduced readout size. Performance of the peak detection circuit can also benefit from the faster electronics in a more advanced process.
